The (1 uCi/ml) and chloramphenicol (150 gg/ml) were added 5 min before infection with "C-labeled am-3 OX phage; these cells were harvested for RFI purification at 15 min post infection.
The circular single-stranded DNA of bacteriophage OX 174 is converted to a double-stranded form soon after its penetration into the host cell (1) . This synthesis of the complementary strand is catalyzed by host cell enzymes (1) (2) (3) and has Seen duplicated in vitro (4) (5) (6) . The circular duplex DNA ("replicative form" DNA, "RF") is replicated semi-conservatively (7) in vivo to produce a number of daughter RF molecules via a rolling circle type of mechanism (8) (9) (10) . These semi-conservative replication processes occur only if the product of the viral gene A is active (11, 12) and if the host cell replication machinery is intact.
The in vivo function of the gene A product has been most clearly delineated by Francke and Ray (13, 14) . They showed that the majority of the phage DNA molecules in wild-type OX 174-infected cells contain a phosphodiester cleavage (a nick) at a specific site in the viral strand (RFII form of DNA), whereas in gene A amber mutant infected cells, essentially all
OX-RF molecules remain as intact supercoiled circles (RFI).
This result suggests either that (a) the gene A protein acts as a site-specific endonuclease, (b) the gene A protein is needed to activate such a cellular endonuclease, or (c) the A protein protects a particular region of the RF molecule so that, even though random nicks are made, only those in this region escape DNA ligase action and survive.
In this paper we describe an isolation procedure for the gene A protein. As suggested by the in vivo data, the purified gene A protein has a DNA endonuclease activity which specifically cleaves a phosphodiester bond in the viral strand of OX-RF or in single-stranded, circular XX viral DNA. Of the supercoiled DNA species tested, only XX 174 was attacked by this enzyme.
MATERIALS AND METHODS
Strains. Escherichia coli H514 (Endo I-, her-, Arg-, Thy-) (15) (1 uCi/ml) and chloramphenicol (150 gg/ml) were added 5 min before infection with "C-labeled am-3 OX phage; these cells were harvested for RFI purification at 15 min post infection.
qX 174-Specific Marker Proteins were prepared essentially as described by Godson (17) (17) (18) (19) (20) agree with this value for the molecular weight of the A protein in contrast to the lower values reported earlier (21) (22) (23) . When the proper gene A mutant was used in double-label experiments, we did see a second ratio peak indicative of the second product of this gene (19, 47) . In our gels, the small product migrated very close to the major capsid protein and was impossible to identify in singly labeled gels. We call the product of the entire gene A the "A protein" and the smaller fragment the "A' protein" (usage opposite that in refs. 19 and 47 6 .0, 10% glycerol, 1 mM EDTA, 10 mM 2-mercaptoethanol, and applied to a phosphocellulose column equlibrated with the same buffer. The column was eluted with a linear NaCl gradient; the radioactive protein eluted at about 0.7 M NaCl in a rather broad peak (Fig. 2B ).
Gel electrophoresis of fraction 45 showed only five stainable bands, the most abundant corresponding exactly in its RF value (56,000 daltons) to that of the single band seen in the autoradiograph (Fig. 1D) . From Endonuclease activity against X-RF was measured by a filter binding assay after heat denaturation as described in ref. 43. in 0.1-0.2 ml of buffer to give final concentrations of 50 mM Tris * HCl, pH 7.4, 10 mM MgCl2, 5 mM 2-mercaptoethanol, and 0.5 mg/ml bovine serum albumin. The albumin had been heated at 750 for 1 hr to destroy any deoxyribonuclease activity. The endonuclease reaction with OX-RF required Mg++ and was not stimulated by the addition of 0.5 mM ATP. The reaction was stopped by the addition of EDTA to 0.1 M. Samples were layered (without prior denaturation) onto 5-20% alkaline sucrose gradients (1 M NaCl, 0.25 M NaOH, 50 mM EDTA) and sedimented for 2 hr at 50,000 rpm in the SW-50.1 rotor to separate RFI from smaller products or for 7 hr to resolve circular and linear strands. Samples were collected through the bottom of the tube into scintillation vials and counted in a Triton-toluene scintillator fluid. The activity of the enzyme was determined by comparing the percentage of material sedimenting slower than denatured RFI in the reaction mixture sample to that in a control incubated in buffer without enzyme.
RESULTS
Endonuclease Activity of the A Protein. No enzyme assays were carried out until the A protein was relatively pure. When fractions 37-47 from the phosphocellulose column were assayed for endonuclease activity versus supercoiled OX 174 RFI (Fig. 2B, open The time-dependence of the endonucleolytic reaction against 4X RFI supercoils is shown in Fig. 4 . Note that the 15 The DNA supercoils (top 9 lines) or single-stranded DNA (lines 10, 11) were incubated (Methods) with gene A endonuclease for 1 hr at 37°. Incubated mixtures were sedimented through alkaline sucrose gradients to separate denatured supercoils from nicked molecules. The background of nicked RF (2nd column) in the control sample (no enzyme) was subtracted from that in the treated sample to give the values in the 3rd column.
OX-RFI controls were run in parallel with each assay to confirm the activity of the enzyme.
* Grown in high levels of chloramphenicol; analyzed in a neutral sucrose gradient. 45 at 00, transferred to 370 and sampled at the times noted. The 0.2-ml samples were added to 0.05 ml of 0.1 M EDTA to stop the reaction and then analyzed on alkaline sucrose gradients as described in Methods, except that these gradients did not contain NaCl; under these conditions, denatured RFI sediments at 34 S while the mixture of circular and linear strands from RFII sediments at 15 S. Top panels show the. individual sucrose gradients for the times noted (min). The bottom panel shows the percent nicked (i.e., the percent of material in the denatured RFII peak) as a function of time. At 30 min, an additional 10 MlA of enzyme (E) was added to the remaining 1.0 ml. reaction ceases before completion at low enzyme levels. Since controls show that active enzyme is still present in assay mixtures incubated 1 hr at 370 in the absence of substrate, it appears this cessation is due to the failure of. the enzyme to be reused (the ratio of enzyme molecules to substrate molecules in Fig. 4 is estimated at 1:1).
Although these kinetics are similar to those found for E. coli B restriction endonuclease (26) , gene A endonuclease does not require S-adenosylmethionine and ATP like that enzyme.
Moreover, labeled OX-RF is prepared by growth in the same host as that used to supply the enzyme extract, and thus should be protected by modification from resident E. coli restriction endonuclease. For this and other reasons, we feel that it is very unlikely that the activity we measure is such a contaminant.
The DNA Products of the Endonucleolytic Cleavage. When the reaction mixture of gene A protein treated pX-RFI was sedimented on a neutral sucrose gradient (Fig. 5) , it was found that RFI (21S) had been converted to RFII (17S) with no indication of RFIII (the double-stranded linear, .15S, form). Thus the gene A endonuclease does not produce double strand scissions. Alkaline sedimentation of the reaction products showed only the collapsed supercoil (53S) and single. strands from the denatured RFII. There was no indication of fragments smaller than unit length single strands.
Extended alkaline sedimentation of the reaction products allows one to separate the linear and circular strands of denatured RFII (27) . And by starting with a qX-RFI which is differentially labeled in its viral and complementary strands, it is possible to tell whether the single nick occurs randomly Fig. 6 . It is clear that the linear (nicked) strands (14S) are exclusively of viral strand origin while the circular strands (16S) are complementary strands. This specific nicking of the viral strand of 4X-RFI is exactly the result expected from the in vivo observations of Francke and Ray (13, 14) .
DISCUSSION
The data presented show that one function associated with the gene A protein of 4X 174 is an endonucleolytic one which specifically nicks the viral DNA strand of the OX-RF molecule. The most simple raison d'etre for this nick is to initiate DNA synthesis by providing a 3' OH primer terminus. -OX DNA synthesis could then proceed via a rolling-circle type of mechanism to produce new RF molecules (8) (9) (10) . Because of the mechanism that we envision for A protein action (following section), we feel that gene A protein functions not only to initiate DNA synthesis, but also to cut off a unit length viral strand after one round of replication has come close to completion. Thus we think gene A function is likely to be needed throughout infection for DNA synthesis. The only published experiments on this point (28) were equivocal. The analogous gene of bacteriophage fd (M13 and f1), gene 2, is required for single-stranded viral synthesis as well as for RF formation (29, 30) . In fact, the choice between viral or RF synthesis in fi is determined entirely by the ratio of gene (36, 37) and from electron microscopic visualization of a hairpin structure in the OX viral strand. Other evidence (38) (39) (40) suggests that the nick (and therefore the hairpin) and the origin of replication are actually within the A gene region. 
